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Abstract
Here, we describe proof-of-principle transverse-ﬁeld μSR photoexcitation measurements of Si above room tem-
perature. It is found that, as with low temperatures, the optical excitation does indeed create relaxation of the Larmor
precession signal. There is no evidence of multiple states within the precession signal, as was observed in Ge below
room temperature.
Keywords: Si, light, muonium
1. Introduction
There is signiﬁcant interest in combining photoexcitation with investigations of muonium centers in semiconductors[1,
2, 3, 4, 5, 6] Recall that the optical excitation athermally generates signiﬁcant concentrations of electron-hole pairs in
the semiconductor. Photoexcitation therefore enables additional carrier capture processes of muonium which would
otherwise not take place in an un-illuminated sample at a given temperature. Hence, this is a potentially powerful
way to probe muonium dynamical processes involving interactions with free carriers, including spin exchange, charge
state ﬂuctuations, and site changes.
A few years ago, we developed a dedicated photoexcitation + μSR system at TRIUMF and have used it to in-
vestigate the optically induced dynamics in Si and Ge below room temperature. Furthermore, our method is based
primarily on investigating the photo-induced muonium dynamics by studying the precession signatures of the muo-
nium centers. Recall that since the hyperﬁne interactions of Mu0BC , Mu
0
T , and the diamagnetic center are all diﬀerent,
a unique set of precession frequencies is associated with each of the three states. Hence, we can unambiguously iden-
tify the state which is interacting with the optically induced carriers. We ﬁrst applied the optical TF-μSR technique to
Si[4]. This enabled us to obtain a signiﬁcantly more detailed understanding of the spin, charge and site dynamics of
muonium in the material and how they are inﬂuenced by the carriers. Then, we investigated Ge[5]. Our studies in Ge
were focussed on the well-known diamagnetic signal in this semiconductor (see for example, Fig.75 of Patterson[8]).
Our photoexcitation experiments unambiguously established that this signal is in fact due to two diamagnetic states, a
fact that was not known from the previous dark measurements. These two states could be distinguished because they
interact diﬀerently with the optically induced carriers: the signal due to one of these states is strongly modiﬁed by the
photoexcited carriers while the other is not. We assigned the two signals to Mu−T (formed from and undergoing charge
state ﬂuctuations with Mu0T ) and Mu
+
BC (formed from and undergoing charge state ﬂuctuations with Mu
0
BC).
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Figure 1: The dark (left panel) and photoexcited (right panel) TF-μSR relaxation rates of the diamagnetic center in p−type Si at 370 K.
These studies on Si and Ge have motivated us to consider photoexcitation experiments above room temperature.
In Ge, this technique can be used to investigate the stability of the above mentioned Mu−T and Mu
+
T centers in Ge. In
(intrinsic) Si[4], by contrast to Ge, there is no evidence up to room temperature that there are multiple components in
the Larmor precession signal. It would be interesting to conﬁrm this for higher temperatures.
In this paper, we report some proof-of-principle photoexcitation TF-μSR measurements in Si above room temper-
ature.
2. Experimental
The sample is cut from a p-type Si wafer purchased from SQI. It has a thickness of 600 ± 25 μm and room
temperature resistivity 1-10 Ω·cm. The μ+SR measurements were carried out at the M15 surface muon beamline at
TRIUMF where nearly 100% spin-polarized positive muons with a nominal momentum of 28 MeV/c were implanted
into the samples. The conventional transverse-ﬁeld (TF) technique was used[9]. The value of the applied ﬁeld was
chosen to be ≈ 1 kG, corresponding to a signal precessing at a convenient (Larmor) frequency of ≈ 13.5 MHz.
The photo-excitation oven was a home-built system. The sample was mounted in an aluminum can which can be
heated. The muon are implanted into the front face of the sample while the sample’s back is exposed to light from
a 250-W tungsten halogen light bulb. The light was chopped with a mechanical chopper such that the sample was
illuminated for 1 s and in the dark for 1 s (and the cycle repeated). The light-on and light-oﬀ spectra were recorded in
separate histograms. The temperature of the sample is monitored with a Pt resistor placed in contact with the back of
the sample. The experiments were carried out in air.
3. Results and Discussion
Typical TF-μSR spectra with the light on and oﬀ are shown in Fig. 1. Clearly, the amplitude stays the same, but
there is a dramatic increase in the relaxation rate of the precessing diamagnetic signal upon photoexcitation. There is
no evidence of any signiﬁcant “remnant” non-relaxing component. In order to quantify the changes in the relaxation
rate with temperature, the TF-μSR spectra are ﬁtted by assuming the relaxation is a single exponential function. The
results are plotted in Fig. 2.
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Figure 2: The dark and photoexcited TF-μSR relaxation rates of the diamagnetic center in p−type Si at 370 K.
In the dark, the relaxation rate is essentially temperature independent until about 450 K, then at higher temperatures
it increases signiﬁcantly. This behavior is attributed to the onset of “charge exchange”[7], presumably between Mu+
and intrinsic free carriers (electrons) that are thermally excited across the band-gap of Si. When the light is on,
there are signiﬁcant changes in the relaxation rates compared to the dark. We believe these results can be interpreted
qualitatively as follows: Compared to the situation in the dark, there are signiﬁcant photogenerated carriers up to
≈ 550 K and consequently, the diamagnetic muonium signal Mu+ is undergoing additional charge exchange processes
with these optically excited electrons/holes. The relevant process will probably continue to be the charge ﬂuctuation
between Mu+ and Mu0T . Above ≈ 550 K, the (dark) intrinsic carrier concentration in the Si is becoming comparable
to, and expected to eventually surpass, that generated by the light. (In this situation, the photoexcited carriers are not
expected to play a signiﬁcant role. Experiments at higher temperature would be needed to conﬁrm this. )
As it turns out, the present results in Si at high temperatures do not appear to contain any surprises. Nevertheless,
these experiments give us conﬁdence that we have developed a technically working system for carrying out high tem-
perature optical measurements. This would be a particularly useful apparatus for investigating the stability of the two
diamagnetic centers in Ge. Such experiments are underway.
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